Superhydrophobic surfaces, which require a combination of surface chemistry and surface topography, have attracted significant attention over the past decade because of their broad technological potential. [1] [2] [3] [4] [5] There has been considerable focus on understanding their wettability 6, 7 and developing them for a wide range of applications including droplet impact resistance, [8] [9] [10] [11] [12] [13] anti-icing, [14] [15] [16] [17] [18] [19] dropwise condensation, [20] [21] [22] [23] [24] electro-wetting, 25, 26 drag reduction, [27] [28] [29] [30] [31] [32] evaporation, 33, 34 and anti-corrosion. [35] [36] [37] [38] An important challenge for broad applicability of these hydrophobic materials is their limited robustness. 3, 4, 39 Most approaches for fabricating superhydrophobic surfaces involve texturing a polymeric hydrophobic material or coating a textured hydrophilic material with a polymeric hydrophobic modifier such as organosilanes or thiols. 40 Existing durable materials such as metals and ceramics are generally hydrophilic and require polymeric hydrophobic modifiers to render them hydrophobic. 41 However, polymeric modifiers deteriorate in harsh environments making it difficult to realize robust hydrophobic surfaces. Hence, there is a clear need for robust materials such as ceramics that are intrinsically hydrophobic.
Recent studies have shown that the class of ceramics comprising the lanthanide series rare-earth oxides (REOs) is intrinsically hydrophobic. [42] [43] [44] [45] [46] [47] REOs are capable of sustaining their intrinsic hydrophobicity after exposure to extreme processing conditions such as high temperature, abrasive wear, and steam. 42 The underlying phenomenon of hydrophobicity in REOs arises from the unique electronic structure of the rare-earth metal atoms where the unfilled 4f orbitals are shielded from interactions with the environment by a full octet of electrons in the 5s 2 p 6 outer shell. 42 This shielding effect minimizes the hydrogen bonding with interfacial water molecules and renders REOs hydrophobic 42 as shown in Figure 1 . In contrast, in the case of a common ceramic like alumina, the lack of such a shielding effect allows the metal FIG. 1. Schematic of the orientation of water molecules and the associated wetting properties of a surface. (a) Hydrophilicity and schematic of the orientation of water molecules next to an alumina surface (using different scales for the surface and water molecules). (b) Hydrophobicity and schematic of the orientation of water molecules next to neodymia (an REO) (surface and water molecules not to scale). Scale bars, 1 mm. Reprinted with permission from Azimi et al., Nat. Mater. 12, 315 (2013 Author to whom correspondence should be addressed. Electronic mail: varanasi@mit.edu atom to hydrogen bond with interfacial water molecules. 48, 49 In this case, water molecules are able to maintain their hydrogenbonding network on alumina, resulting in hydrophilicity.
The surface chemistry of REOs plays a significant role in determining the wettability. If the REO surface were to be modified in that the surface lattice oxygen sites were increased relative to the rare-earth metal sites, its hydrophobicity will be affected. In other words, a net increase in the surface oxygen-to-metal ratio beyond the typical stoichiometric value is detrimental because an increase in surface lattice oxygen provides more avenues for hydrogen-bonding with interfacial water which further breaks down the hydrophobic hydration structure seen in Figure 1 , thereby increasing wettability. In the case of ceria (CeO 2 ) studied in this paper, an O/Ce ratio higher than 2.0 can negatively impact wettability, as it provides more sites for hydrogen bonding with water.
Furthermore, recent literature has addressed the contribution of surface hydrocarbons arising from natural airborne contamination towards wettability of REOs. 50 Researchers have shown that the contact angle of water measured on REOs increases with time when left in ambient air as it progressively adsorbs atmospheric hydrocarbon contaminants. 50 While it is important to avoid ruling out the effect of adsorbed surface hydrocarbon contaminants on the wettability of REOs, it is also important to study how changes in surface chemistry and stoichiometry of a pristine REO surface potentially impact wettability.
In this paper, we show how surface relaxation plays an important role in determining the wettability of REOs. We first show that hydrophobicity of REOs is not exclusively dominated by surface hydrocarbon contamination. We then show that surface relaxation in a low carbon, ultra-high vacuum (UHV) environment causes a reduction in the surface oxygen-to-metal ratio in REOs owing to changes in both oxygen and rare-earth metal chemistry. Finally, we show that a decrease in the surface oxygen-to-metal ratio in REOs is accompanied by a corresponding increase in water contact angle (WCA), and thereby we demonstrate the crucial importance of surface relaxations in ascertaining the hydrophobicity of REOs. Ceria was chosen as a model REO in this study given the extensive past literature on surface chemistry and relaxation of ceria. Henceforth, we will define surface relaxation as the change in surface stoichiometry.
In order to better understand the contribution of surface hydrocarbon contamination towards the hydrophobicity of REOs, we first compared and contrasted ceria and alumina under identical conditions (which, as described earlier, are intrinsically hydrophobic and hydrophilic, respectively). We sputter-deposited approximately 300 nm thick layers of ceria and alumina on distinct silicon wafers (AJAsputterer ATC series) and transported both samples in the same vacuum desiccator for X-Ray Photoelectron Spectroscopy (XPS) analysis in an UHV chamber (PHI Versaprobe II XPS). Immediately after XPS measurements, WCAs were measured using a goniometer (Rame-Hart M500 series). As shown in Table I , both surfaces were found to have similar surface carbon content ($15%) measured by XPS, yet only ceria was hydrophobic (WCA > 90 ), while alumina was hydrophilic (WCA ( 90 ). These results clearly indicate that surface hydrocarbon contamination exclusively cannot explain the hydrophobicity of REOs. In fact, the ceria sample was hydrophobic despite having an almost two-fold lower surface carbon content ($15%) than previously reported values on a hydrophobic ceria surface exposed to ambient air ($34%). 50 Having demonstrated that surface carbon does not uniquely explain the hydrophobicity of ceria, we then focused on better understanding the surface chemistry of ceria and the phenomenon of surface relaxation. There are many factors that could potentially cause a departure from the pristine stoichiometric state of ceria. Chin et al. 51 found that freshly sputter-deposited ceria films have an overstoichiometric O/Ce ratio on the surface, reaching as high as 3.3. They attributed this anomaly to cerium vacancies or interstitial excess oxygen on the surface arising from the sputtering process. Such surfaces need to undergo long-term relaxation to reach an optimal surface stoichiometry before intrinsic hydrophobicity can be truly ascertained.
If REOs were made to relax in ambient air, atmospheric hydrocarbon contaminants would potentially accumulate on the surface and hence interfere with genuine intrinsic hydrophobicity. Hence, in order to observe surface relaxation in an environment isolated from airborne hydrocarbon contaminants, we used a UHV chamber that was maintained at a vacuum of 1.4 Â 10 À10 to 5.5 Â 10 À10 Torr. We sputter-deposited a 300 nm thick layer of ceria on a silicon wafer and immediately transferred the sample in a vacuum desiccator to the UHV chamber. In situ XPS analyses were conducted in the same chamber at regular time intervals for 6 h after which the sample was left to relax in the chamber overnight for 14 h, following which a final XPS spectrum was obtained.
Figures 2(a) and 2(b) compare the high-resolution XPS spectra for cerium (Ce 3d) obtained before and after overnight UHV relaxation, respectively. It can be seen that the shape of the cerium spectrum changed considerably after overnight relaxation for 14 h in UHV. To investigate this change in detail, the Ce 3d spectra were deconvoluted into constituent satellite peaks and identified using the nomenclature proposed by Burroughs et al. 52 Specifically, the satellite peaks were designated with two different letters for the two 3d components of Ce 3d; v for 3d 5/2 peaks and u for 3d 3/2 . All constituent satellite peaks of Ce 3d were identified by this method as shown in Figures 2(a) and 2(b) (with the exception of u o and v o which could not be resolved at their characteristic peak position due to lack of intensity). The peaks were fitted according to the constraint that the intensity ratio between each v peak and its corresponding u peak should equal 1.5. 53, 54 The peaks were then associated with the Ce 4þ or the Ce 3þ oxidation state. Peaks v, v 00 , v 000 , u, u 00 , and u 000 were associated with the Ce 4þ state, while v 0 , v 0 , u 0 , and u 0 were associated with the Ce 3þ state. [52] [53] [54] [55] [56] The relative concentrations of Ce 4þ and Ce 3þ were determined using the following equations: [52] [53] [54] [55] [56] AðCe 3þ Þ ¼ Aðv 0 Þ þ Aðv 0 Þ þ Aðu 0 Þ þ Aðu 0 Þ;
(1)
AðCe 4þ Þ ¼ AðvÞ þ Aðv 00 Þ þ Aðv 000 Þ þ AðuÞ þ Aðu 00 Þ þ Aðu 000 Þ;
A(x) above refers to the peak area (and corresponding peak intensity) as determined from the XPS spectra. Using the above equations, it was determined that the Ce 3þ contribution to the overall surface cerium increased from 10.2% to 27.2% with overnight relaxation in UHV, while the Ce 4þ contribution decreased from 89.8% to 72.8%. This indicates that the ceria sample underwent a partial reduction in state from Ce 4þ to Ce 3þ in UHV, which is consistent with observations of Zhang et al. 55 Specifically, it can be seen in Figures 2(a) and 2(b) that the intensity of both the characteristic Ce 3þ peaks v 0 and u 0 increased following overnight relaxation in UHV, while the characteristic Ce 4þ peaks v, v 00 , v 000 , u, u 00 , and u 000 all decreased in intensity. Preisler et al. 57 have further correlated the change in the oxidation state from Ce 4þ to Ce 3þ with a net decrease in the O/Ce ratio. Therefore, in view of all these observations, we can say, that the change in cerium chemistry, as seen in Figures 2(a) and 2(b) , is consistent with the hypothesis that surface relaxation in UHV caused an overall decrease in the surface O/Ce ratio.
It can be further seen from Figures 2(c) and 2(d) that the intensity of both the lattice and non-lattice oxygen peaks decreased with overnight relaxation in UHV. It is known in the literature that ceria can release surface lattice oxygen as part of a wider surface reconstruction process. As an example, Solovyov et al. 58 studied oxygen reconstruction on an unstable [001] ceria surface. Such surfaces release lattice oxygen in order to maintain a net zero dipole moment perpendicular to the surface, which potentially explains the reason for decreasing lattice oxygen sites as observed by the reduction in the lattice oxygen peak intensity after overnight relaxation in UHV. Therefore, the change in the surface oxygen is consistent with the hypothesis that surface relaxation in UHV caused an overall decrease in the surface O/Ce ratio.
The non-lattice oxygen peaks at 530.7 eV and 531.4 eV in Figures 2(c) and 2(d) have been previously attributed to adsorbed surface oxygen species such as hydroxyls or carbonates. 44, 59, 60 Furthermore, the characteristic O 1s peak associated with adsorbed molecular water at 532.9 eV was not observed. Mart ınez et al. 44 on the contrary observed very intense peaks for adsorbed surface oxygen and molecular water relative to the lattice oxygen. Thus, the low concentration of adsorbed surface oxygen species relative to the lattice oxygen as well as the lack of adsorbed molecular water confirms the low degree of surface contamination on our ceria sample. This is attributable to the quick transfer of the sputtered samples to the UHV chamber under vacuum as well as the clean, isolated nature of the UHV environment.
The high-resolution XPS spectra were used to determine the relative surface atomic concentrations of cerium, oxygen, and carbon. Figure 3(a) shows that as the sample relaxed in UHV, the surface O/Ce ratio steadily decreased from 3.0 to 2.2 over the 14 h of the experiment, reaching close to the stoichiometric ratio of ceria. The surface carbon remained steady at $12% throughout the experiment as seen in Figure  3 (b) which was expected given that the UHV chamber was practically devoid of hydrocarbon contaminants and well sealed from the ambient environment.
How does the decreasing O/Ce ratio impact wettability? As explained previously in Figure 1 , greater the oxygen sites on the surface, the greater the tendency to form hydrogen bonds with interfacial water and hence higher the wettability. As seen in Figure 3 (a), the O/Ce ratio on a freshly sputterdeposited ceria surface was measured as $3.0, which is similar to observations of Chin et al. 51 Indeed, we observed that water spreads on a freshly sputter-deposited ceria surface as shown in Figure 3 (c) given the higher-than-stoichiometric O/Ce ratio. However, when this surface was allowed to relax in a UHV environment, the O/Ce ratio approaches the stoichiometric ratio and the surface is rendered hydrophobic (WCA > 90 ) as shown in Figure 3(d) . Hence, because of the extensive surface relaxation in the form of decreasing O/Ce ratio, the ceria surface transitioned from being initially hydrophilic to hydrophobic. It is important to note that this transition occurred with a negligible change in surface carbon content. This demonstrates that surface relaxation and determining the O/Ce ratio are crucial towards ascertaining hydrophobicity of REOs and surface hydrocarbons do not exclusively explain this unique phenomenon. This is further consistent with contact angle measurements confirming hydrophobicity on the relaxed sample with a close-to-stoichiometric O/Ce ratio and is overall consistent with our theory on wetting behavior of REOs. Table II summarizes the results from the start and end points of the surface relaxation experiment.
In summary, REOs are intrinsically hydrophobic and we show how excess surface oxygen can negatively impact hydrophobicity. More broadly, we show how surface chemistry (in particular, excess surface oxygen) and surface relaxations can impact wettability of REOs. In fact, contact angle measurements can be used as a tool to determine the extent of surface relaxation of REOs. Further, we show that airborne hydrocarbon contaminants do not exclusively impact wetting properties of REOs. Hence, it is important to carefully consider these effects before ascertaining the true origins of hydrophobicity of REOs.
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